Background: Different bacterial isolates were obtained from a much-polluted lake (Lake Mariout) in Alexandria, Egypt. ). In addition, this study was aimed to create a fixed bed column to enhance the metal removal from some polluted wastewater samples. Results: The potent bacterium was selected and identified as Pseudomonas aeruginosa using the 16SrRNA gene sequence. The effect of some physicochemical parameters on the bio-removal process was studied in batch cultures; it was found the efficiency % of metal removal was increased on using pH 7.5 and bacterial biomass of 750 mg/l. Also, the use of the fixed bed column led to an increase in the removal efficiency % to 100% for the Cu 2+ , Zn 2+ , and Cd 2+ ions and decrease the consuming time from 48 to 24 h under using the optimum incubation conditions, while the removal of Fe 3+ and Pb 2+ showed 62% and 47%, respectively, with a 20% increase compared to the batch system.
Background
Heavy metals showed excessive release into the environment as a result of increases in both industrialization and urbanization. They are toxic substances and normally produced from paints, alloys, mining operations, fly ash from incinerators, metal plating, sludge disposal, pesticides, automobile battery manufacturers, and refining ores. Moreover, fertilizer and leather tanning industries in addition to some natural processes are one of the sources of these toxic metals accumulating into the environment. Adsorption is a highly effective technique for the heavy metal removal from wastewaters and the activated carbon remains the best packing material widely used as a heavy metal adsorbent regardless of its cost [5, 8] .
Recently, the need for safe and economical methods for the elimination of heavy metals from contaminated waters and polluted effluents is a must. Microbial metal biosorption showed promising results due to the negatively charged cell surfaces of all microorganisms which enable them to bind metal cations easily. The mainly efficient microbial species used for metal bioaccumulation was the free or immobilized cells of Pseudomonas sp. [1, 4, 11, 13] .
Lake Mariout occupies around 250 km 2 with a 90-150-cm depth located in the southeast to the Alexandria city in the north of Egypt. It is considered as one of the major sources for the pollution of the Egyptian Mediterranean Sea through El Mex Bay. It receives polluted water from various industrial and domestic discharges, where two wastewater treatment plants discharge their primary treated effluents of about 916,000 m 3 /day, in addition to agricultural drainage water [6] .
In this study, bio-removal of Cd
2+
, Fe 3+ , Cu 2+ , Mn 2+ , Co 2+ , Zn 2+ , Ni 2+ , and Pb 2+ ions was carried out by Pseudomonas aeruginosa isolated from Lake Mariout, Alexandria, Egypt. In addition, a fixed bed glass bioreactor packed with a solid supporter (luffa pulb) was created and tested to remove different metal ions presented in the wastewater samples of Lake Mariout resembling an environmental friendly solution for such a heavy metal pollution problem.
Methods

Collection site and sampling process
Water and sediment samples were collected according to APHA [2] from ten stations of Lake Mariout, in addition to three hot spots involved with the draining process in Alexandria, Egypt (Fig. 1 ). . Stock solutions (1 g/l) of these metals were prepared using deionized water and autoclaved separately. Prior to the aseptic addition of the metal stock solution, the liquid culture media were autoclaved at 121°C for 20 min [19] .
Metal solution and metal detection
The estimation of heavy metal concentrations before and after the biological treatment was carried out in triplicate using an atomic absorption spectrometer according to Massadeh et al. [14] . The trace metals in the all used water samples were digested using the method described in APHA [2] 
Bacterial isolation
The nutrient broth (NB) culture medium was prepared using brackish water (distilled water to seawater, 2:1) composed of (g/l) 5 g peptone, 3 g beef extract, and 20 g agar which was added for a solid medium. After autoclaving the tested heavy metal solution supplemented in addition to 0.5% glucose solution, it was prepared and sterilized separately for 10 min. The plates were aseptically inoculated with 1 ml of each collected water and sediment sample (1 g/10 ml phosphate buffer with pH, 7.0) using the pouring technique. Then all plates were incubated at 30°C for 24-48 h.
Selection of the best heavy metal bio-accumulator
The selection process was carried out twice using the disc diffusion technique. Sterile discs were immersed separately in three concentrations (10, 50 , and 100 ppm) of each tested metal. They were applied on the surface of the inoculated bacterial plates in addition to the control discs where sterile distilled water was used instead of the metal solution (0 ppm). The selection of the best bacterial isolate was carried out according to its ability to grow and resist the presence of several metal ions compared to the other isolates. 
Molecular identification process
This process was carried out at the City for Scientific Research and Technology Applications, Arid Land Institute, Molecular Plant Pathology Department, New Borg El Arab City, Alexandria, Egypt.
DNA extraction
DNA was extracted using a Qiagen DNeasy kit (QIA-GEN Inc., Germany) and Genomie DNA purification kit (Promegal). The preparations were analyzed on a 0.7% agarose gel and then determined spectrophotometrically [17] .
PCR amplification and sequencing of 16S rRNA gene
The PCR amplification from genomic DNA was done by using Pseudomonas 16S rDNA gene primer PA-SS-F′ GGGGGATCTTCGGACCTCA, PA-SS-R′ TCCTTAGA GTGCCCACCCG, according to Spilker et al. [18] . The obtained sequence was analyzed and compared with the data presented in the GenBank.
Effect of pH values on the metal removal process
NB culture media were prepared and dispersed in 500-ml Erlenmeyer flasks; they were adjusted at initial pH values of 5, 6, 7, 7.5, 8, and 9.0 using 1 M HCl and/or 1 M NaOH solution. Two hundred 200 parts per million of each tested metal was added aseptically and separately then the flasks were inoculated with 3 ml of prepared P. aeruginosa suspension of OD = 1.0 and incubated in a shaker incubator (120 rpm) for 48 h at 30°C. After incubation, the cultures were centrifuged for 30 min at 5000 rpm. Then metal removal efficiency % was detected according to the method described by Patel and Chandel [16] .
Effect of different bacterial biomass on the metal removal process
The bacterial biomasses 250, 300, 400, 500, 600, and 750 mg/l were obtained through the centrifugation at 9000 rpm. They separately used to inoculate 250-ml Erlenmeyer conical flasks containing 200 ppm of each tested metal and 100 ml NB culture medium. The pH was adjusted as optimum as obtained from the above experiment. The bacterial cultures were incubated in a shaker incubator (120 rpm) at 30°C for 48 h and then they undergo centrifugation at 9000 rpm for 20 min, and the metal ion concentrations were determined using the atomic absorption spectrometer according to Patel and Chandel [16] .
Cultivation in a fixed bed bioreactor
The fixed bed reactor was created according to a modified method of Kavand et al. [9] ; a glass column of 5 cm diameter and 60 cm in length was created with a working volume of about 400 ml of a physiologically adapted nutrient broth culture medium. Sterile air was achieved from two air filters then pumped through a sintered glass nozzle at the column base, with a flow rate of 1 l per min (Fig. 2 ). It packed with about 8 g of luffa pulp pieces. The adsorption of the selected bacterial strain was carried out within 20 h by recycling the bacterial suspension (contains 60 mg cell dry weight) on the supporter until a complete adsorption of the cells was fulfilled. Cultivation was preceded in this bioreactor with an aid of a peristaltic pump connected with two heads; one is responsible for the inlet process where the tested wastewater contains the heavy metals needed to be removed while the second head is responsible for the outlet process where the effluent will be free from the heavy metals. The flow rate of the two effluents can be adjusted at different values as desired. The heavy metals in the wastewater samples collected from the thirteen locations of Lake Mariout were detected before and after the biological treatment through this fixed bed glass bioreactor. The estimation was carried out in triplicate using an atomic absorption spectrometer for both the initial metal concentration before the application process of the fixed bed and the metal residue after the biotreatment process, according to Massadeh et al. [14] . The removal efficiency % was calculated as follows:
The average removal efficiency % = the average initial heavy metal concentration (ppm) − the average heavy Fig. 2 . A diagram shows the composition of the fixed bed bioreactor which is composed of a glass column packed with luffa pulp as a solid supporter (1) and connected to a hot plate with a magnetic stirrer (2), a peristaltic pump (3), an air pump (4), two air filters (5), and a conical reservoir which contains the heavy metal contaminated wastewater sample (6) . All connections were made using flexible hoses
metal residue concentration (ppm)/the average initial heavy metal concentration (ppm) × 100%
Culture conditions
The used culture medium was modified from that of Guo-liang et al. [7] , where no trace elements were added and the wastewater samples were applied instead of the distilled water. Some minerals were added as follows (g/l): NaNO 3 4.0, NaCl 1. 
Results
Bacterial isolation and Selection process
The bacterial isolates which collected from the contaminated stations in Lake Mariout were tested for different heavy metal accumulation processes. It was observed the resistance of the heavy metal bio-accumulator showed to be dependent on the type and the concentration of the metal applied. On confirming the bacterial resistance and their tolerance level towards different heavy metals, it was shown only four bacterial isolates were able to grow well and tolerate the presence of one or more of these tested heavy metals in the surrounding culture medium ( , it showed a maximum growth around the disc immersed in 100 ppm of Fe 3+ metal solutions compared to the control (a disc immersed in sterile distilled water).
Identification of the potent heavy metal accumulator
The obtained results indicated the isolate #1 has great ability to grow and resists 100 ppm of all tested metals except Mn 2+ 10 ppm using the disc diffusion assay. A molecular identification process was carried out using 16S rRNA gene sequence, and it was compared with the data presented in the GenBank. It was identified as Pseudomonas aeruginosa where the obtained sequence had a similarity of 100% to the data presented for the P. aeruginosa strain M8A1 genome, P. aeruginosa strain H27930, complete genome, and P. aeruginosa strain PA121617, complete genome. Also, it showed a similarity of 99% to several other P. aeruginosa strains. The phylogenetic tree of the isolated P. aeruginosa and the other related strains are shown in Fig. 3. 
The effect of different pH and biomasses of P. aeruginosa on heavy metal removal
The physiological adaptation for both pH and biomass of P. aeruginosa free cells was carried out under a shaking condition of 150 rpm, for 48 h at 30°C. The data presented in Fig. 4 indicate the most suitable pH value for P. aeruginosa which ranged from 7 to 7.5 for the majority of the tested metals. On the other hand, it was , while the removal efficiency % of P. aeruginosa towards both Fe 2+ and Mn 2+ showed less than 50% even with the use of 750 mg/l bacterial biomass (Fig. 5) .
Metal removal by P. aeruginosa using a fixed bed bioreactor
In this part, the fixed bed bioreactor was applied under the most suitable pH value (7.5) and bacterial biomass (750 mg/l). Thirteen wastewater samples collected from Lake Mariout were used to confirm the efficiency of the packed P. aeruginosa in removing different heavy metals presented naturally in such environmental samples. It was obtained the efficiency % towards Cu 2+ , Zn 2+ , and Cd 2+ removal was confirmed and reached 100% while the efficiency % towards Pb 2+ and Fe 3+ removal was 47% and 62%, respectively. In addition, the time consumed in such metal removal was decreased from 48 to 24 h ( Table 2 ).
Discussion
The obtained result indicated the isolation of many bacterial strains able to utilize different heavy metals in their surrounding culture media. The potent heavy metal removal bacterium was genetically identified as Pseudomonas aeruginosa; it was able to accumulate metal ions in their cells by a process called biosorption. Similarly, Nagashetti et al. [15] mentioned several genera as Bacillus, Pseudomonas, Streptomyces, Aspergillus, Rhizopus, and Penicillium may be potential microbial metal biosorbents; they can bind with heavy metal pollutants onto their cellular structures and have been used in environmental cleanups.
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Pseudomonas aeruginosa isolate B10W For maximum heavy metal removal by P. aeruginosa, some physiological adaptation was carried out; it showed to be affected by changing the pH value, and the most suitable pH value was 7.5. While increasing the biomass from 250 to 750 mg/l, the metal removal showed a clear increase regardless of the metal type. These findings were partially dissimilar to that of Ashokkumar et al. [3] ; they used pH 7 and 1.5 mg/ml bacterial biomass and they mentioned with the increase in the bacterial biomass from 0.5, 1.5, to 2.5 mg/ml, the heavy metal removal was decreased.
On using the fixed bed bioreactors in the treatment process for some heavy metal ions, Kavand et al. [10] investigated the adsorption of Pb 2+ , Cd 2+ , and Ni 2+ ions using commercial activated carbon packing materials for both single and multi-component metal solutions. While in this study, the fixed bed bioreactor packed with P. aeruginosa adsorbed on a luffa pulp as a solid supporter was used in the treatment process of some heavy metals discharged in environmental samples collected from Lake Mariout. It led to an increase in the efficiency % towards the metal removal and decrease in the time consumption for such biosorption metal process compared to the obtained results of the batch cultures carried out under the shaking conditions. On the other hand, Lin et al. [12] studied the effects of the fixed bed column Tested heavy metal Metal removal efficiency % Fig. 5 . A histogram showing the effect of using different P. aeruginosa biomasses (250-300, 400, 500, 600, and 750 mg/l) at pH 7.5 on metal removal efficiency % Table 2 : Heavy metal removal in raw water samples of Lake Mariout using a fixed bed glass bioreactor packed with P. aeruginosa and a solid supporter. An atomic absorption spectrometer was used to estimate the initial and the residue metal concentrations before and after the bio-treatment, respectively parameters on the adsorption characteristics; they observed by increasing the column length and the column diameter, the absorption performance process was improved.
Regardless of the type of the tested heavy metal, the application on this fixed bed bioreactor indicated a promising tool for heavy metal treatment in comparison with the batch experiments which were carried out under the shaking condition (Fig. 5) . Also, it was observed the P. aeruginosa was able to remove metal ions such as Cu 2+ , Cd
2+
, and Zn 2+ not only for single-component metal solutions but also from multi-component metal solutions (environmental samples) with efficiency % which reached to 100%. Dissimilar to these obtained results Zang et al. [20] mentioned on using batch adsorption experiments, the uptake capacity of Cr(VI) had improved from 21 to 27% at an influent concentration ranging from 25 to 125 mg/l, while the fixed bed column showed prolonged breakthrough and exhaustion time of about 2 to 4.5 times when the bed height increased from 50 to 70 cm.
Conclusion
It is necessary to search and search for new biotreatment processes in order to face what will be going on with the human activities in the environment. It was confirmed the use of fixed bed bioreactors was able to increase the efficiency towards the metal removal in polluted environmental samples with decrease in the exhaustion time. Also, microbial tools especially Pseudomonas sp. showed great ability to get rid of harmful health hazard substances (heavy metal ions) discharged in our environment.
